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SEMICONDUCTOR DEVICE AND MANUFACTURING METHOD THEREOF 

RELATED APPLICATIONS 
[0001] This application claims priority to Japanese Patent Application 
No. 2003-071951 filed March 17, 2003 which is hereby expressly incorporated 
by reference in its entirety. 

BACKGROUND OF THE INVENTION 
[0002] Field of the Invention 

[0003] The present invention relates to a semiconductor device, and 
particularly to a semiconductor device that is applicable to an SOI (Silicon On 
Insulator) structure, and to a manufacturing method thereof. 

[0004] Description of the Related Art 

[0005] A transistor having a plurality of conductive channels has been 
known as a minute transistor having a high driving ability. For example, in 
Japanese Unexamined Patent Application Publication No. 2001-298194, a 
transistor in which a plurality of conductor channels consisting of 
semiconductors are arranged in a given direction on an insulator is shown. In 
the transistor, a plurality of semiconductor layers that form conductive channels 
(channel regions) are arranged at intervals in a given direction. Each of the 
semiconductor layers has a rectangle cross section. According to the transistor, 
a double gate structure is obtained by forming a gate electrode at both sides of 
each semiconductor layer, which is expected to lead to a high driving ability. 
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However, in the transistor, because the cross section of semiconductor layers 
forming conductive channels is rectangle, there is a tendency that a gate 
insulator is damaged due to the concentration of electric fields, which is caused 
by a partly thinned gate insulating layer at its corner. Also, in the transistor, 
because channel surface directions change at every corner, changes in the 
characteristics of the gate insulating layer occur. These changes may 
considerably affect the reliability of the transistor. 

[0006] The present invention is intended to provide a minute 
semiconductor device having a high driving ability and a manufacturing method 
thereof. 

SUMMARY 

[0007] A semiconductor device of the present invention comprises a 
semiconductor layer, a source region that is formed in the semiconductor layer, 
a drain region that is formed in the semiconductor layer, a channel region that is 
formed in the semiconductor layer between the source region and the drain 
region, a gate insulating layer that is formed above the channel region, and a 
gate electrode that is formed above the gate insulating layer. The boundary 
between the gate insulating layer and the channel region is a wave-like pattern 
having a gradual slope. That is, the boundary smoothly' undulates. 

[0008] A semiconductor device comprises a semiconductor layer, a 
source region that is formed in the semiconductor layer, a drain region that is 
formed in the semiconductor layer, a channel region that is formed in the 
semiconductor layer between the source region and the drain region, a gate 



F009160 



-3- 



9319S-000655 



insulating layer that is formed above the channel region, and a gate electrode 
that is formed above the gate insulating layer. The boundary between the gate 
insulating layer and the channel region is a wave-like pattern without any 
corners. That is, the boundary undulates in a wavy, curving or arcuate pattern. 

[0009] According to a semiconductor device of the present invention, 
the boundary between the gate insulating layer and the semiconductor layer, in 
which the channel region is formed, is a wave-like pattern. 

[0010] Here, the wave-like pattern means a shape like a sine curve 
(sinusoidal), and its boundary is a gradual slope. In addition, the wave-like 
pattern may mean a smoothly transitioning sinusoidal pattern without any 
corners (e.g., as normally found in rectangles and triangles). 

[0011] Because the boundary between the gate insulating layer and 
the semiconductor layer, in which the channel region is formed, is a wave-like 
pattern, the structure of the gate electrode has a quasi-double gate (Fin-FET) 
structure. As a result, the semiconductor device of the present invention makes 
the gate length short while thoroughly reducing short-channel effects. 
Therefore, it is possible to provide a minute transistor with a high driving ability. 

[0012] Moreover, because the boundary between the gate insulating 
layer and the semiconductor layer, in which the channel region is formed, has 
no corners, the gate insulating layer is prevented from being damaged by the 
concentration of electric fields. Further, there is no change in channel surface 
directions, and thereby changes in characteristics of a gate insulating layer are 
reduced. 
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[0013] In addition, in the semiconductor device of the present 
invention, the surface of the semiconductor layer, in which the channel region is 
formed, is patterned so as to have a wave-like pattern, it is not necessary to 
manufacture the gate insulating layer in a particular pattern for reducing the 
concentration of electric fields. 

[0014] A method of manufacturing a semiconductor device comprises 
the steps of: forming a semiconductor layer above a support substrate via an 
insulating layer, forming a mask layer having a plurality of openings at 
predetermined intervals above the semiconductor layer, forming a waveform 
oxide layer with a pattern of a gradual slope by the process in which the 
semiconductor layer is heat-treated in an oxygen environment and selectively 
oxidized, removing the mask layer, removing the oxide layer, forming a gate 
insulating layer above the semiconductor layer, forming a gate electrode above 
the gate insulating layer, and forming a source region and a drain region by 
doping an impurity into the semiconductor layer, with the gate electrode as a 
mask. 

[0015] According to a manufacturing method of the present invention, 
the boundary between the gate insulating layer and the channel region can be 
structured to have a wave-like pattern by a comparatively easy method of 
selective oxidization. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] Fig. 1 is a perspective view showing a semiconductor device 
according to an embodiment of the present invention 
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[0017] Fig. 2 is a plan view showing the semiconductor device 
according to the embodiment of the present invention 

[0018] Fig. 3 is a sectional view showing the semiconductor device 
along the line A-A in Fig. 2 

[0019] Fig. 4 is a sectional view showing the semiconductor device 
along the line B-B in Fig. 2 

[0020] Fig. 5 is a sectional view showing the semiconductor device 
along the line C-C in Fig. 2 

[0021] Fig. 6 is a sectional view showing a manufacturing method for 
the semiconductor device according to an embodiment of the present invention. 

[0022] Fig. 7 is a sectional view showing the manufacturing method 
for the semiconductor device according to an embodiment of the present 
invention. 

[0023] Fig. 8 is a sectional view showing the manufacturing method 
for the semiconductor device according to an embodiment of the present 
invention. 

[0024] Fig. 9 is a sectional view showing the manufacturing method 
for the semiconductor device according to an embodiment of the present 
invention. 

[0025] Fig. 10 is a cross-sectional view showing the manufacturing 
method for the semiconductor device according to an embodiment of the 
present invention. 
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DETAILED DESCRIPTION 
[0026] A preferred embodiment of the present invention is described 
referring to the figures. 

[0027] 1 . Semiconductor Device 

[0028] Fig. 1 is a perspective view showing a semiconductor device 
100 according to one embodiment of the present invention. Fig. 2 is a plan view 
of the semiconductor device 100. Figs. 3, 4, and 5 are sectional views showing 
the semiconductor device along the lines A-A, B-B, and C-C, respectively, 
indicated in Fig. 2. 

[0029] As shown in Fig. 1 and Fig. 2, the semiconductor device 100 
has an SOI substrate. The SOI substrate includes a support substrate 10, a 
buried insulating layer 12 which is formed above (on) the support substrate 10, 
and a semiconductor layer 13 which is formed above (on) the buried insulating 
layer 12. The buried insulating layer 12 is made of a silicon oxide layer. The 
semiconductor layer 13 is made of a silicon layer. In the semiconductor layer 
13, a channel region 16, a source region 20 and a drain region 30 are formed. 
The source region 20 and the drain region 30 are formed so as to sandwich the 
channel region 16. 

[0030] As shown in Fig. 3, the upper surface of the semiconductor 
layer 13, in which the channel region 16 is formed, has a wave-like pattern. In 
other words, the upper surface of the semiconductor layer 13 undulates through 
curved peaks and troughs. Therefore, the boundary between a gate insulating 
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layer and the semiconductor layer, in which the channel region is formed, is also 
a wave-like pattern. 

[0031] In this case, a "wave-like pattern" means a shape like a sine 
curve (e.g., sinusoidal), which is a pattern of a gradual (e.g., smooth) slope. In 
addition, the wave-like pattern may mean a smoothly transitioning or undulating 
pattern without any (sharp) corners. 

[0032] In the channel region 16, the pitch between the top (peak) and 
the nearest (adjacent) bottom (trough) of the wave-like pattern is preferably no 
more than 50 nm. 

[0033] No impurity is doped into the channel region 16, or an impurity 
whose concentration is lower than that of the source region 20 and the drain 
region 30 is doped into the channel region 16. By applying a predetermined 
gate voltage to the channel region 1 6, a channel is formed in the channel region 
16. 

[0034] As shown in Fig. 4 and Fig. 5, the source region 20 and the 
drain region 30 are formed so as to sandwich the channel region 16. An N-type 
or P-type impurity is doped into the source region 20 and into the drain region 
30. 

[0035] The source region 20 includes a region 22 which is next to the 
channel region 16, and a region 24 which is outboard the region 22 relative to 
the channel region 16. The upper surface of the region 22 is processed in the 
same stage as the processing of the upper surface of the semiconductor layer 
13, in which the channel region 16 is formed. As a result, the upper surface of 
the region 22 has a wave-like pattern as the upper surface of the channel region 
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16 has. Therefore, as shown in Fig. 4, the upper surface of the region 22 is as 
high as the highest points of the channel region 16 along the line B-B in Fig. 2. 
In other words, the upper surface of the region 22 is as high as the highest parts 
of the wave-like pattern (the top of the wave). Also, as shown in Fig. 5, the 
upper surface of the region 22 is as low as the lowest points of the channel 
region 16 along the line C-C in Fig. 2. In other words, the upper surface of the 
region 22 is as low as the lowest parts of the wave-like pattern (the bottom of 
the wave). Accordingly, the lowest portions of the channel region 16 have an 
SOI structure in which the semiconductor layer is very thin, as shown in Fig. 5. 
On the other, the upper surface of the region 24 is flat. The contact between 
the source region 20 and a source wire can be easily established above the 
region 24. 

[0036] Similarly, the drain region 30 includes a region 32 which is next 
to the channel region 16, and a region 34 which is outboard the region 32 
relative to the channel region 16. The upper surface of the region 32 is 
processed in the same stage as the processing of the semiconductor layer 13, 
in which the upper surface of the channel region 16 is formed. As a result, the 
upper surface of the region 32 has a wave-like pattern as the upper surface of 
the channel region 16 has. Therefore, as shown in Fig. 4, the upper surface of 
the region 32 is as high as the highest points of the channel region 16 along the 
line B-B in Fig. 4. In other words, the upper surface of the region 32 is as high 
as the highest points of the wave-like pattern (the top of the wave). Also, as 
shown in Fig. 5, the upper surface of the region 32 is as low as the lowest 
points of the channel region 16 along the line C-C in Fig. 5. In other words, the 
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upper surface of the region 32 is as low as the lowest parts of the wave-like 
pattern (the bottom of the wave). Accordingly, the lowest portions of the 
channel region 16 have an SOI structure in which the semiconductor layer is 
very thin, as shown in Fig. 5. On the other hand, the upper surface of the 
region 34 is flat. The contact between the drain region 30 and a drain wire can 
be easily established above the region 34. 

[0037] A gate insulating layer 18 is formed above the channel region 
16. In other words, the gate insulating layer is formed above the semiconductor 
layer 13, in which the channel region 16 is formed. Since the gate insulating 
layer 18 is formed above and along the upper surface of the channel region 16, 
the gate insulating layer 18 has a wave-like pattern. Thus the boundary 
between the gate insulating layer 18 and the channel region 16 also has a 
wave-like pattern. The gate insulating layer 18 can be made of such metal 
oxides as Hf, Zr, Al and so on, or silicon oxide. 

[0038] A gate electrode 40 is formed above the gate insulating layer 
18. Accordingly, the lower surface of the gate electrode 40 has a wave-like 
pattern. Therefore, in the semiconductor device according to the embodiment, 
the highest portions of the channel region 16 have a quasi-double-gate (Fin- 
FET) structure as shown in Fig. 3. 

[0039] The gate electrode 40 has a terminal area 42 for contacting its 
terminal. Metal materials selected from transition metals such as Ta, W, Mo, Cr, 
Zr, Hf and so on, or polycrystal silicon can be used for the gate electrode 40. 
For example, a tantalum nitride layer or a tantalum layer (preferably, of a body- 
centered cubic lattice layer) can be used for the gate electrode 40. 
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Alternatively, a multilayered structure of tantalum nitride layers as cap layers 
can be used. 

[0040] The semiconductor device according to the embodiment of the 
present invention has the following main characteristics. 

[0041] According to the embodiment of the present invention, the 
upper surface of the channel region 16 has a wave-like pattern, along which the 
channel is formed. As a result, the effective width of the channel is wider than 
the width of the channel region 16 (indicated as "Lch" in Fig. 3). Therefore, it is 
possible to increase a current driving ability while thoroughly reducing short- 
channel effects. Also, according to the structure, the channel region 16 is made 
completely depleted. Therefore, a minute MOS transistor whose gate length is 
about 10 nm can be provided. Thus, with the semiconductor device according 
to the embodiment of the present invention, it is possible to provide a minute 
MOS transistor that has a high driving ability. 

[0042] Also, in the semiconductor device according to the 
embodiment of the present invention, the boundary between the gate insulating 
layer 18 and the channel region 16 is a wave-like pattern, which is a pattern 
having a gradual (e.g., smooth) slope. If the cross-section pattern of the 
semiconductor layer, in which the channel region is formed, is a rectangle, 
triangle or V-letter pattern, the concentration of electric fields can easily happen 
due to a partly thinned gate insulating layer (at the corners). The semiconductor 
device according to the embodiment, however, has no corners (i.e., as occur at 
the vertices of rectangular or triangular configurations) in the boundary between 
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the gate insulating layer 18 and the channel region 16, and causes no damage 
to a gate insulator. 

[0043] Moreover, in the semiconductor device according to one 
embodiment of the present invention, since the boundary between the gate 
insulating layer 18 and the channel region 16 is a wave-like pattern, it is 
possible to prevent the characteristics of the gate insulating layer from being 
considerably changed. If the channel region has a rectangle cross section, the 
characteristics are considerably changed due to the corners of the rectangle. 

[0044] Furthermore, in the semiconductor device according to the 
embodiment of the present invention, the upper surface of the channel region 
16 itself is formed in a wave-like pattern. If the gate insulating layer formed 
above the channel region is formed in a round structure in order to alleviate the 
concentration of electric fields, the manufacturing process will become 
complicated. Actually, it is not easy to control the layer thickness of the gate 
insulating layer as for each surface of the silicon layer. In the semiconductor 
device according to an embodiment of the present invention, the surface of the 
silicon layer is formed to have a rounded pattern, and thereby changes in 
surface directions are reduced. Therefore, the gate insulating layer formed 
above the silicon layer can be optimized by a simple manufacturing process. 

[0045] 2. Manufacturing Method of a Semiconductor Device 
[0046] The following is an example of a manufacturing method of the 
semiconductor device according to the embodiment of the present invention. 
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Referring to Figs. 6 through 10, each figure mainly shows the channel region 
(the region along the line A-A in Fig. 2). 

[0047] First, as shown in Fig. 6, an SOI substrate is provided above 
the supporting substrate 10. The SOI substrate includes the buried insulating 
layer 12 and the silicon layer 13 (referred to as "semiconductor layer" hereafter) 
with a predetermined thickness, 20 nm, for example. A silicon oxide layer and a 
silicon nitride layer are formed on the semiconductor layer 13 by heat- 
oxidization. Then, a resist layer is formed, which is not shown in figure, the 
silicon nitride layer and the silicon oxide layer are patterned by lithography and 
anisotropic etching. Through these process steps, a pad layer 50 made of 
silicon oxide and a mask layer 52 made of silicon nitride are formed. 
Consequently, an opening 54 where the semiconductor layer 13 is exposed in a 
predetermined distance to one another, 20 nm for example, is formed. Then, 
the resist layer is removed. 

[0048] As shown in Fig. 7, a silicon oxide layer 56 is formed through 
the process in which the surface of the semiconductor layer 13 is heat-treated in 
an oxygen environment and selectively oxidized. The thickness of the silicon 
oxide layer 56 becomes thin in the region with the mask layer 52, while it 
becomes thick in the region without the mask layer 52. As a result, the surface 
of the silicon oxide layer 56 has a wave-like pattern. It is possible to control the 
curvature of the surface of silicon oxide layer 56 and the pitch of wave by 
selecting the pitch and the width of the mask layer 52. 

[0049] As shown in Fig. 8, the mask layer 52 and the silicon oxide 
layer 56 are removed by etching, for example. Through this process, the upper 
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surface of the semiconductor layer 13 becomes a wave-like pattern of a gradual 
slope without any corners. 

[0050] As shown in Fig. 9, the channel region 16, the source region 
20 and the drain region 30 are formed by patterning the semiconductor layer 13 
by means of lithography and etching. If an impurity is doped into the channel 
region 16, a predetermined amount of an impurity is doped by ion plantation 
before pattering. 

[0051] Next, an insulating layer is formed on the surface of the 
semiconductor layer 13 that is patterned. Through this process, the gate 
insulating layer 18 is formed on the surface of the channel region 16, as shown 
in Fig. 9. The materials mentioned above can be used for the gate insulating 
layer 18. For example, the gate insulating layer 18 is formed by the CVD 
method when using such metal oxides as Hf, Zr, Al and so on, or by thermal 
oxidation when using silicon oxide. 

[0052] As shown in Fig. 10, a conductive layer 44 is formed so as to 
cover the patterned semiconductor layer. Next, the gate electrode 40 is formed 
by patterning the conductive layer 44 by means of lithography and etching. The 
metals mentioned above or polycrystal silicon can be used for the gate 
electrode 40. 

[0053] As shown in Fig. 1 and Fig. 2, the source region 20 and the 
drain region 30 are formed by doping an impurity into the semiconductor layer 
13 by ion plantation, with the gate electrode 40 as a mask. 
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[0054] The semiconductor device according to the embodiment of the 
present invention can be provided through the manufacturing process described 
above. The manufacturing method has the following features. 

[0055] According to the manufacturing process according to the 
above embodiment of the present invention, the upper surface of the channel 
region 16 can be made to have a wave-like pattern by a comparatively easy 
method of selective oxidization. 



